ABSTRACT: A new paradigm of domain wall nanoelectronics has emerged recently, in which the domain wall in a ferroic is itself an active device element. The ability to spatially modulate the ferroic order parameter within a single domain wall allows the physical properties to be tailored at will and hence opens vastly unexplored device possibilities. Here, we demonstrate via ambient and ultrahigh-vacuum (UHV) scanning probe microscopy (SPM) measurements in bismuth ferrite that the conductivity of the domain walls can be modulated by up to 500% in the spatial dimension as a function of domain wall curvature. Landau−Ginzburg−Devonshire calculations reveal the conduction is a result of carriers or vacancies migrating to neutralize the charge at the formed interface. Phase-field modeling indicates that anisotropic potential distributions can occur even for initially uncharged walls, from polarization dynamics mediated by elastic effects. These results are the first proof of concept for modulation of charge as a function of domain wall geometry by a proximal probe, thereby expanding potential applications for oxide ferroics in future nanoscale electronics.
T he discovery of novel electronic, magnetic, and superconductive functionalities at domain walls, 1−4 where the walls have physical properties distinct from the domains has led to a radically new notion: that the device may be governed not so much by the properties of the domains, but those of the domain walls. 5 Domain wall engineering opens pathways to control a vast array of interfacial physical phenomena such as band structure manipulation, 6 ferroelastic transitions, 7 band gap narrowing due to intrinsic symmetry changes, 8 point-defect migration, 9, 10 and order parameter couplings 11−14 that are not exhibited by the parent bulk phase. While it has been known theoretically that properties of domain walls can differ drastically from the bulk phase, it is only recently that experimental techniques to probe the properties at the individual domain wall level have been realized. 2,7,15−19 Yet, exploitation of the unique functional properties of domain walls to open new device frontiers hinges on the ability to tailor the properties at the individual wall level.
For ferroelectrics, Guro et al. 20 predicted that charged domains walls in large band gap semiconductors will possess significant charge and induce accumulation or inversion in adjacent regions of the material. This work has recently been extended by several groups to provide a comprehensive theoretical description 21 in both uniaxial 22 and multiaxial 23 ferroelectrics. The total amount of charge can be sufficient to induce onset of local conductivity in different nonconductive materials, as directly visualized for conductive channels at 109°a nd 180°ferroelastic domain walls in BiFeO 3 . 2 Following this report, conductivity was demonstrated for other types of domain walls in BiFeO 3 , 15 and domain walls in Pb(Zr,Ti)O 3 , 19 suggesting that this behavior is universal for ferroelectrics. Furthermore, detailed studies of conductivity at the walls have demonstrated an intriguing set of hysteretic 16 and memory effects and time dynamics. 22 These observations suggest that domain wall conductance is a dynamic process that is intrinsically linked to slow polarization dynamics (i.e., evolution of wall shape 24, 25 ) or slow ionic processes such as carrier/ vacancy segregation processes (e.g., compare to recent studies at metal-ferroelectric junctions 6, 26 ). Realistically, both mechanisms can be active and strongly coupled. As such, the geometry of the domain wall, specifically the presence of polarization discontinuities, is therefore an important physical parameter that is not yet well understood experimentally. Additionally, the tantalizing possibility of tailoring the properties of the individual domain wall in a standard ferroelectric, through control of polarization discontinuities via domain curvature, has remained unexplored.
Here, we explore the tunability of domain wall conductance though orientation control. Domain Walls with varying charge are patterned in a multiferroic BiFeO 3 thin-film using a variety of scanning probe microscopy (SPM)-based approaches. I−V measurements show that the conduction through the wall can be modulated at different points along a charged domain wall, depending on the local curvature. In contrast, a straight domain wall shows no variation in conductivity by spatial position. The enhanced conductivity was modeled by analyzing the coupled space charge−polarization dynamics through extended Landau−Ginzburg−Devonshire (LGD) formalism. This analysis suggests that local carrier concentration can be increased by more than an order of magnitude depending on the charge at the wall. Through phase-field modeling, the stability and dynamics of the ring domain structures was explored, which indicates that ring domain structures can possess highly asymmetric potential distributions due to polarization dynamics mediated by elastic effects. These studies provide the first proof of electrical modulation of conduction in the spatial dimension along domain walls in ferroelectric thin-films.
To investigate the dependence of conduction on wall charge, we drew domain patterns in a 200 nm BiFeO 3 (BFO) thin film grown on DyScO 3 (DSO) with a SrRuO 3 (SRO) bottom electrode (thickness 40 nm). The first requirement for the experiment is a large monodomain matrix, in which the curved domain wall can be "written" using a biased SPM tip. Piezoresponse force microscopy (PFM) images reveal that the virgin domain structure of the BiFeO 3 film consists of a striped in-plane (IP) domain pattern with mostly 71°walls, with the average stripe width of ∼200 nm and a uniform out-ofplane (OP) polarization vector pointed toward the substrate. To generate larger single domains, we first prepoled squares with the scanning tip held at negative tip bias (V tip = −7 V). This has the effect of effectively doubling the in-plane domain width in the poled area. 27 After selecting a large monodomain region in the poled square, the tip was traced around a circle with a bias of +9 V to form the curved walls. The vertical PFM amplitude and phase images as a result of this lithography are shown in Figure 1a and b. Details about the polarization assignment are provided in the Supporting Information, S1; they are marked in Figure 1b . Note that there is a cross talk in the lateral image arising from the collective materials motion across the domain wall. 28−30 The analysis of PFM images indicates that the application of bias forms a 180°wall, in agreement with previous studies. 31 For the 180°wall, the charge is expected to vary continuously as 2P s cos(θ), thus forming head-to-head regions on the bottom side of the ring and tail-to-tail regions on the upper side. The inner wall of the ring is expected to have the opposite charge. The c-AFM scan of this region, with the tip held at V = −2.8 V, is shown in Figure 1c . Notably, the inner and outer walls of the ring structure show different regions of enhanced conductivity. To visualize this behavior more clearly, the conductivity of the outer ring wall was plotted as a function of angle and distance from the domain wall. In forming this plot, we have used a small (∼10 pixel square for a 512 × 512 pixel image) Gaussian filter to smooth the jitter in the conduction map at each pixel. The results, plotted in Figure 1d , show that the conductivity appears to be high at the head-tohead section of the domain wall, while the conductivity drops to zero at the tail−tail section. The inner ring's wall conductivity also appears to follow the same general trend, although the correlation is somewhat less strong.
Having demonstrated that conductivity can be switched simply due to wall charge, we now investigate the degree of variation in the conductance through I−V measurements. I−V curves were captured for a ring written using the same aforementioned approach ,along the head−head region (Supporting Information, S2), shown in Figure 1e −g. The lateral PFM amplitude is shown in Figure 1e , while the c-AFM image of the ring, taken with V tip = −2 V of this ring, is shown in Figure 1f . This displays significant conductivity on the outer parts of the ring on the right-hand side. To determine the I−V characteristics as a function of position, measurements were carried out at six separate points along the ring, marked by black circles in Figure 1f . The measurements were averaged over four separate sweeps and are shown in Figure 1g . As expected, the point of maximum charge (point 3) displays the highest conductivity. The mean percentage modulation of the current was calculated using point 6 as the baseline. The I−V curves show that, with a bias of V = −2.5 V, the current modulation can be significant, depending on position (and correspondingly, charge) along the ring. Importantly, we note here that the origin of the modulation is thermodynamic in nature, with c-AFM maps suggesting the ring is stable for at least several hours.
To minimize the effects of the surface contaminants, similar studies were performed in the ultrahigh vacuum (UHV) environment using an Omicron UHV system equipped with a Nanonis controller. This system is capable of very precise current measurements (down to sub pA range) but does not allow for lateral PFM and offers only limited scan sizes (<5 μm). Due to the lack of lateral PFM, single domains were distinguished by c-AFM. A circular domain structure, written within a single domain, is shown in the vertical amplitude and phase image in Figure 2a . The c-AFM map of this region taken at sample bias of V = +2 V is shown in Figure 2b . Clearly, there appears to be a reduction in current along the domain wall as the angle θ (defined in the figure) sweeps through from positive to negative values. To better visualize the conduction map, we plotted the conduction as a function of θ and distance from the domain wall, in Figure 2c , again utilizing a small (∼10 pixel square) spatial filter as before. Presuming that the angle is proportional to the charge (as for the ambient experiments), this result proves the ability to modulate conduction through wall charge in ferroelectric thin films. The average current at each value of θ is shown inset. The values show that, in vacuum, it is possible to observe a difference in conduction levels of up to 500% by spatial position alone.
A possibility for the observed anisotropic conductance is the injection of oxygen vacancies by the tip. Yang et al 32 have shown that ionic conductivity from oxygen vacancies in doped BFO films is too low to account for the conduction levels observed here. Additionally, conduction by segregation of tipinjected oxygen vacancies at the domain walls is ruled out by the fact that such a mechanism should be angle independent. Our experiments show that no significant variation in conduction along the straight wall is observed (Fig. 2d,e and Supporting Information, S3), suggesting that even if vacancies are injected inhomogeneously, they likely segregate quickly and cannot account for the anisotropic conduction.
To better understand and explore the thermodynamic origins of the static wall's conductivity, we modeled the space charge accumulation at a prototypical charged 180°ferroelectric domain walls in BiFeO 3 using LGD formalism. 23 Since BiFeO 3 can be considered a p-type semiconductor, 33 the electrostatic potential φ satisfies the Poisson equation 
Here Δ is the Laplace operator, the charges are in the units of electron charge e = 1.6 × 10 −19 C, ε 0 = 8.85 × 10 −12 F/m is the universal dielectric constant, and ε b is the background dielectric permittivity of the material (unrelated with the soft mode), which is typically much smaller than the ferroelectric permittivity ε ij f related with the soft mode. The equilibrium concentrations of ionized donors N d + , acceptors N a − , free electrons n, and holes p are:
where N d0 and N a0 are the concentration of donors and acceptors, respectively, f(x) = {1 + exp(x/k B T)} −1 is the Fermi−Dirac distribution function, k B = 1.3807 × 10 −23 J/K, and T is the absolute temperature. E F is the Fermi level, E d is the donor level, E a is the acceptor level, E C is the bottom of the conductive band, and E V is the top of the valence band (all energies are defined with respect to the vacuum level). The electron and hole density of states in the effective mass approximation are g n (ε) ≈ ((2m n 32 where m e is the mass of the free electron. Assuming that a single domain ferroelectric material is electroneutral at zero potential φ = 0, the condition N a − − N d0 + = p 0 − n 0 should be valid. The equilibrium concentrations of donors and acceptors and densities of holes and electrons are defined for the case φ = 0. Finally, the geometry of the problem and the definition of θ are shown in Figure 3a .
Within LGD formalism (Supporting Information, S4), equations for polarization vector components P i , elastic strains u ij and stresses σ ij have the form
Here a i and a ijkl u are LGD free energy expansion coefficients, g ijkl are the gradient energy coefficients, q ijkl is the fourth-rank electrostriction tensor, f ijkl is the fourth-rank tensor of flexoelectric coupling, and c ijkl is the elastic stiffness.
From eqs 1, 3, and 4, it is obvious that electric potential, polarization, and elastic fields are strongly coupled. In particular, the potential will depend strongly on the div(P) term, that is, the wall charge. The dependence of the potential on the domain wall tilt angle θ is shown in Figure 3b . It is seen from this figure than the potential barrier and thus carrier accumulation strongly increases with the tilt angle. Tail-to-tail (t-t-t) walls are holes accumulating, while head-to-head (h-t-h) walls are electron accumulating as anticipated for a p-type semiconductor-ferroelectric. The asymmetry with respect to θ→ −θ is very strong. Theoretically single crystal BFO should be a p-type semiconductor, 33 which would result in holes being the major carriers and electrons being minor carriers. However, in reality it may be different due to BFO having a complex band structure and especially poorly understood defect chemistry. However, this uncertainty does not affect the model other than on a quantitative level, since the charge of species collecting at the wall is opposite to that of polarization. Also, since the barrier height (for an elementary metal/ferroelectric oxide interface) for holes is much higher than for electrons, the measured currents in these films are predominantly electron currents. 33 If we assume that the conductivity is proportional to the carrier concentration, then from Figure 3c the conductivity should increase by up to 2 orders of magnitude across a fairly narrow range of θ; that is, the onset of conductivity is sudden, reflective of general activated semiconductor transport. Note that the conduction maps in the experiments are taken with sample held at positive voltage with respect to the tip potential, so electrons are the carriers. The relatively narrow range of θ over which local conduction is both detectable and variable may be the reason for the difficulty in observing significant variation in the current along the curved domain wall from c-AFM maps (e.g., Figure 1 ), particularly in ambient systems.
Profiles of the polarization components normal and parallel to the domain wall, electric potential φ and field E across the domain wall are shown in Figure 4a −d for several tilt angles θ = −π/2, −π/4, 0, π/4, and π/2. The potential distribution is symmetric with respect to x̃1 → − x̃1 and has a maximum at the wall plane, while the electric field normal component is antisymmetric with respect to x1 → −x1 and also has maxima near the wall. It is seen from the figure that the potential barrier and electric field amplitude strongly increases with absolute values of θ. Additionally, the asymmetry with respect to θ→ −θ is evident. Finally, Figure 4c shows that significant potential remains at distances ∼30 nm on either side of the domain boundary. This fact helps to explain the relatively large width of the conducting regions of domain walls in experiment.
Though the variation in charge around the domain wall can explain the observed conductivity, questions remain as to why such a charged ring structure should form or remain stable. Furthermore, the interplay between the elastic stress redistribution around the ring, and its effect on the polarization over time (especially near the domain wall), cannot be easily explored through SPM, due to inherent resolution limits. Thus, to gain insight into the dynamics of the ring structure and the associated elastic fields and potential distributions, phase-field modeling of the experimental system was undertaken.
The phase-field model 34 (described more completely in Supporting Information, S5) uses the polarization components, P i , as phase parameters to describe the state of the film. Total system free energy, F(P i , P i,j ), expressed as a function of these components and their gradients is minimized by solving the time-dependent Ginzburg−Landau equation for the polarization
In eq 5 L is the kinetic coefficient related to the domain wall mobility. Total system free energy includes contributions from elastic, electric, Landau, and gradient energies, leading to coupled responses, especially between the elastic and electric behavior of the film. 35, 36 Equation 5 is solved numerically using the semi-implicit Fourier spectral method. 37 In this study simulations of both the 180°ring domain structure observed in the film and the nominally uncharged 71°d omain wall were conducted to understand the nature of the charge distribution around the ring. Shown in Figure 5a is the initial simulated domain structure for the 180°wall case. Initially, the charge distribution, shown in Figure 5b , was characterized by typical positively charged head-to-head regions (red) and negatively charged tail-to-tail regions (blue). Elastic stresses around the ring were initially constant and due entirely to the coherency strain with the substrate (since the 180°wall is purely ferroelectric, separating two elastically equivalent variants). The domain configuration of the ring domain structure after the ring had been allowed to relax for 500 time steps in the simulation is shown in Figure 5c . In the simulation the polarization evolves to eliminate most bound charges around the ring. Along the [110] direction the ring domain tilted away from the vertical orientation toward the electrically neutral (112̅ ) plane. 38 Further, several new rhombohedral domains nucleated around the edges of the ring, particularly along the [100] and [010] directions. Together, these changes reduced the overall bound charge in the system. Reduction in electrical energy from relaxation of the ring structure incurred an elastic energy penalty by introducing strains around the ring, resulting in complex interplay between the elastic and electric forces. The inability of the domain walls to relax to completely electrically neutral configuration because of the constraints of the domain shape and coupled response between the introduced elastic stresses and the bound charge accounts for the remaining bound charge around the ring. The bound charge, elastic stress, and polarization around the ring are discussed in more depth in the Supporting Information, S6.
The potential resulting from the remaining bound charge around the ring at the 500th time step is shown is shown in Figure 5d ; areas of low and high potential determine the domain wall's static conductivity by the mechanisms described previously. The potential around the ring appears to agree with the c-AFM images in Figure 1 . Additionally, the phase-field simulations allow us to investigate the relative variability of conduction in the c-axis of the film by considering the potential Figure 5 . Phase-field simulations of ring domain structure with 180°domain walls. The initial domain configuration assumed to consist of two domains separated by domain walls perpendicular to the substrate is shown in a, and the resulting initial bound charge distribution around the ring is shown in b. After 500 simulation time steps the domain structure has relaxed into a more complex structure with several new domains at the ring edge that compensate part of the bound charge (c). (See Supporting Information S6 for a cross section of the polarization through the film). The potential around the ring after 500 time steps is shown in d with a cut along the (11̅ 0) plane to show the potential profile through the thickness of the film. The callout shows an enlarged view of the potential distribution around the domain walls. Figure 6 . Phase-field simulations of ring domain structure with 71°domain walls. The domain structure of the ring structure after 500 simulation time steps is shown in a with a wedge bounded by the (11̅ 0) and (010) planes removed to show the structure through the thickness of the film. The coupling of the elastic stress to change the polarization along the x 1 axis, defined as ∂f elastic /∂P 1 , around the ring is shown in b with a wedge bounded by the (11̅ 0) and (010) planes removed to show the distribution through the thickness of the film. Callout shows an enlarged view of the distribution around the domain wall. After 500 time steps, elastic stresses cause changes in the magnitude of the polarization at the domain walls, leading to a potential distribution around the ring as shown in c. A cut-away along the (11̅ 0) plane shows the potential distribution at the center of the film in d. The callout shows an enlarged view of the potential around the domain wall. distribution through the thickness of the film, which cannot be probed using SPM. Figure 5d shows the potential distribution on the film on a cut-away through the film along the (11̅ 0) plane, revealing that the potential magnitude is largest at the film/electrode interface and near the film surface, decreasing toward the far edge of the film.
Finally, since charged domain walls are associated with a large electrical energy penalty of formation, the possibility of anisotropic conduction at initially uncharged domain walls was explored by simulating a similar ring structure with 71°walls. After allowing the system to relax for 500 time steps, the domain walls remained perpendicular to the substrate and therefore nominally uncharged, 38 as shown in Figure 6a . The simulations revealed that, although the initial potential was zero around the ring (as expected), there existed a significant tendency to reduce the elastic energy, f elastic , around the ring domain by changing the polarization magnitude, as can be seen in the distribution of ∂f elastic /∂P 1 in Figure 6b (see the Supporting Information S5 and S7 for more details). Elastic energy was reduced in the system by perturbing the polarization locally near the domain walls, creating bound charges on domain walls and associated potentials, as shown on the surface of the film by the potential plot in Figure 6c and in cross section through the film in Figure 6d . Thus, in the case of the 71°ring, the potential build up around the ring is due to a ferroelastic effect where the polarization near the domain wall is disturbed to reduce the high elastic energy at the interface, thus creating bound charges. These studies are pertinent because, though lateral PFM data is absent for the ring structure imaged in Figure 2 , the phase-field model predicts that, even without initially charged domain walls, anisotropic potential can develop in these ring geometries, thus leading to spatially modulated conduction.
It is important to note anisotropic conductivity of nominally uncharged ring-shaped walls in thermal equilibrium may also arise from flexoelectric coupling and anisotropic electrostriction, which in turn induces a polarization component perpendicular to the wall plane and thus weakly charges the wall. Other purely strain-related mechanisms such as deformation potential coupled with inhomogeneous strain may also help to explain domain wall conductivity. 39 However, these mechanisms become secondary in magnitude in comparison with the bound charge that develops around the ring, and are therefore not considered in this paper.
The theoretical and experimental results confirm that there exists a significant correlation between wall charge and conductivity, likely due to carriers or vacancies migrating to neutralize the charge at the domain walls and hence locally inducing a transition to a conductive state. Initially it was believed that only 109°and 180°walls were conductive in BiFeO 3 .
2 However, later experiments have shown that even nominally uncharged 71°walls show some level of conductivity. 15 In experiments carried out in UHV ( Figure  2d ,e), we have found that, while these walls do indeed conduct, they do so with an order of magnitude less conductivity than the 109°walls. In light of our phase-field simulations, the observation of conduction at the 71°domain walls may be attributed in part to substrate-induced strain and elastic interactions, 40 which cause the domain wall evolution leading to slight bound charge at the domain wall, and thus conductivity as per the thermodynamic mechanisms indicated above. In this sense, the conductivity of the initially uncharged domain wall arises from secondary ferroelastic effects.
Recently, the conductivity within curved, charged walls in the improper ferroelectrics HoMnO 3 41 and then ErMnO 3 18 has been shown to vary by up to 3 orders of magnitude. To date, controlling the conduction through topological defects in ferroelectrics has been achieved through the field-driven hysteresis arising from dynamic conductivity of the charged interface 17 or 1D channel at fabricated vortex cores. 24 This study shows that the variation in charge at a domain wall as a result of polarization discontinuities, whether they arise through writing of charged structures or through domain wall evolution from an initially uncharged state as a result of secondary ferroelastic effects, presents another option to control the conductivity in the spatial dimension in addition to voltage space in ferroelectrics.
In summary, we have engineered the local conductivity of domain wall as a function of its curvature (and thus charge) using an SPM tip, modeled the phenomenon through Landau− Ginzburg−Devonshire formalism, and studied the polarization dynamics through phase-field simulations. Modulation of current, greater than 200% was achieved through I−V measurements along a charged, curved domain wall, while variation of 500% was observed in c-AFM measurements in UHV conditions. The control of conduction through channels as a function of spatial position presents a new pathway to realizing modulated conduction through insulating ferroelectric materials. Additionally, these studies highlight the promise of controlling the unique functional properties of domain walls along individual isolated walls, thereby greatly expanding the suite of potential applications utilizing domain wall nanoelectronics.
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